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We report the performance of an active veto system using a liquid scintillator with NaI(Tl) crystals
for use in a dark matter search experiment. When a NaI(Tl) crystal is immersed in the prototype
detector, the detector tags 48% of the internal 40K background in the 0–10 keV energy region. We
also determined the tagging efficiency for events at 6–20 keV as 26.5 ± 1.7% of the total events,
which corresponds to 0.76 ± 0.04 events/keV/kg/day. According to a simulation, approximately
60% of the background events from U, Th, and K radioisotopes in photomultiplier tubes are tagged
at energies of 0–10 keV. Full shielding with a 40-cm-thick liquid scintillator can increase the tagging
efficiency for both the internal 40K and external background to approximately 80%.
PACS numbers: 29.40.Mc, 85.60.Ha
I. INTRODUCTION
Numerous astronomical observations have indicated
that most of the matter in the universe is invisible, exotic,
and nonrelativistic dark matter [1–4]. However, despite
considerable experimental effort, the nature of the dark
matter remains unknown. The weakly interacting mas-
sive particle (WIMP) is a candidate that conforms to the
stringent standards for particle dark matter, and it is
supported by astronomical observations as well as parti-
cle physics theories that extend the standard model [5, 6].
Numerous experiments have searched for WIMPs by di-
rectly detecting nuclei recoiling from WIMP–nucleus in-
teractions [7, 8].
It is essential to reduce the background level as much
as possible for dark matter searches because of the ex-
tremely low cross-section of the WIMP–nucleon interac-
tion. The dominant background contributions produced
by external sources, such as decaying radioisotopes in
surrounding materials and cosmogenic muons, can be re-
duced by shielding the detector in a deep underground
laboratory using heavy materials consisting of lead, cop-
per, and polyethylene layers. However, remnants of this
contribution, as well as the background contribution from
materials close to the detector, still exist. In addition to
passive shielding, it is beneficial to have an active veto
system that can reduce the background level by tagging
neutron and γ events [9–11] from external sources. An
active veto system can also reduce the level of the internal
background by tagging the escaping γ-rays.
The Korea Invisible Mass Search (KIMS) Collabora-
tion is developing ultralow-background NaI(Tl) crystal
detectors [12–14] to verify an observation of an annual
modulation in the detection rate of an array of NaI(Tl)
crystals [15] that can be interpreted as the result of inter-
action with WIMPs. Even though the internal radioiso-
topes of the NaI(Tl) crystals were identified and might be
further reduced by future development, the background
contributions originating from detector components, such
as photomultiplier tubes (PMTs), encapsulating copper
cases, and shielding materials, are not perfectly rejected.
We consider a new shielding structure including an active
veto system that surrounds the NaI(Tl) crystals with a
liquid scintillator (LS) in order to tag the internal 40K
background as well as reduce the external background
contributions. We build a prototype active veto detec-
tor to verify the performance of the full shielding before
finishing its final design. In this article, we describe the
prototype active veto detector from construction to per-
formance. In addition, a shielding design for a future
NaI(Tl) experiment is presented.
II. PROTOTYPE LIQUID SCINTILLATOR
VETO SYSTEM
We produce a linear alkyl benzene (LAB)-based LS [16,
17] consisting of 3 g of 2,5-diphenyloxazole (PPO)/ℓ and
30 mg of 1,4-bis[2-methylstyryl]benzene (bis-MSB)/ℓ for
a high light yield and long attenuation length. We use
a water extraction method [18] and nitrogen purging
to remove possible contamination from natural radioiso-
topes in the LS. The measured contamination levels from
238U and 232Th in the LS are less than 7 and 4 ppt, re-
spectively. These contaminants provide negligible back-
ground to the NaI(Tl) crystal.
To take advantage of a low-background facility, the
prototype detector is designed to fit in an existing shield
for the KIMS-CsI experiment at Yangyang Underground
Laboratory (Y2L) [19–21]. As shown in Fig. 1, the proto-
type detector is relatively narrow because of the limited
space in the shielding. The maximum available space
surrounded by the layers of 5 cm polyethylene and 10 cm
copper accommodates a 110 cm (L) × 44 cm (H) × 25 cm
(W) rectangular acrylic box, including an additional 6 cm
of copper on the outside. The acrylic structure can con-
tain 140 ℓ of the LAB-based LS. A separate acrylic sup-
port is installed to hold a NaI(Tl) crystal in the middle
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FIG. 1: (a) Design of prototype LS veto detector and installation structure consisting of (b) acrylic box and (c) copper box.
of the box. The crystal is wrapped in a Teflon sheet and
encapsulated in oxygen-free high-conductivity (OFHC)
copper with two synthetic quartz windows that allow cou-
pling to the PMTs. The PMTs are encased in another
OFHC copper housing to decouple light signals between
the crystal and the LS.
The acrylic box is wrapped in Tyvek reflective
films [see Fig. 1 (b)] to increase the light collection effi-
ciency of the LS. Scintillation signals produced by the LS
are measured by ten 3 inch Hamamatsu low-radioactivity
and high-quantum-efficiency PMTs (R12669SEL). The
PMT signals are amplified by a factor of 30; the amplified
signals are digitized by 64 MHz flash analog-to-digital
converters (FADCs). The total recorded time window for
an event is 8 µs. The energy scale of the LS veto detec-
tor is calibrated using the Compton edges of γ-ray events
from a 60Co (1173 keV and 1333 keV γ lines) source and
extrapolated to low energy. The energy calibration is
checked with 57Co (122.1 keV γ line) and 137Cs (661 keV
γ line) sources, which show good agreement.
After the structure is installed, an already tested
NaI(Tl) crystal (NaI-002) [12] is placed in the center, and
the LS is fitted into the acrylic box. NaI-002 was grown
from selected ultrapure NaI powder by the Alpha Spec-
tra Company. The crystal (9.2 kg mass) has a cylindrical
shape with a diameter of 4.2 inch and a length of 11 inch.
Two R12669SEL PMTs are attached at each end of the
crystal. The PMT signals from the crystal are split and
amplified by factors of 30 and 2. The amplified signals
are digitized by 400 and 64 MHz FADCs with readout
time windows of 10 and 8 µs. A trigger condition for the
NaI(Tl) crystal is the presence of one or more photoelec-
trons in each PMT within a 200 ns time window. If the
NaI(Tl) crystal is triggered, all the signals from both the
NaI(Tl) crystal and the LS veto detector are recorded.
The typical event shapes, which show signals from both
NaI and LS, are shown in Fig. 2. Low-energy calibration
of the NaI(Tl) crystal was done using the 59.54 keV γ-line
from a 241Am source. An extrapolation of the 59.54 keV
line to low energy was checked using the 3 keV X-ray line
from internal 40K, which agreed within 5%.
Figure 3 (a) and (b) show the energy spectra of the
LS veto detector in various energy ranges. Figure 3 (c)
shows the energy of the LS veto detector as a function of
the time difference between the LS veto signal and the
NaI(Tl) signal (∆t). With the requirement of 10 keV of
energy from the LS, one can remove dominant random
events so that the crystal-related background coinciding
with the LS veto detector can be efficiently tagged. In
addition, we require ∆t to be −30 ns < ∆t < 70 ns. The
event rate of the LS veto detector passing the criteria is
only 0.12 Hz, which makes the veto-induced dead time
negligible. We can calculate a fake event rate of 0.1%
in the coincident event region from the events occurring
outside the coincident region (−1000 ns < ∆t < −30 ns
or 70 ns < ∆t < 1000 ns).
We count the event rate of the NaI(Tl) detector with
and without the LS veto requirement, as shown in Fig. 4.
The detector realizes a significant reduction in the back-
ground rate by requiring that no signal appear in the LS
veto detector. The tagging efficiency is 26.5 ± 1.7% in
the 6–20 keV energy region and 63 ± 1% in the 100–
1500 keV energy region. The tagged event rate between
6 and 20 keV is 0.76 ± 0.04 events/keV/kg/day (dru).
We simulate various background sources with the
Geant4 [22] simulation package to obtain the veto effi-
ciency of the prototype. We first consider the internal
40K decay, which is one of the strongest backgrounds for
dark matter searches with NaI(Tl) crystals [23–26]. This
decay generates an X-ray at approximately 3 keV with
a 1460 keV γ-ray. If the accompanying 1460 keV γ-ray
escapes from the crystal, the event consists of a single
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FIG. 2: Pulse shapes from PMTs for typical coincident events of the NaI crystal and LS veto detector with measured energies
of 37 and 850 keV, respectively.
3 keV hit, which mimics a dark matter signal. However,
if we tag the escaping 1460 keV γ-ray with the LS veto
detector, we can effectively reduce the low-energy con-
tribution of the 3 keV X-ray in the NaI(Tl) crystal [27].
The veto efficiency for energies between 0 and 10 keV is
about 48% from the internal 40K simulation. We esti-
mate the K contamination of the NaI(Tl) crystal using
the events vetoed by the LS veto detector to verify our
simulation. The filled (blue) circles in Fig. 4 (b) show
the low-energy spectrum of the NaI(Tl) crystal that is
tagged by the LS veto detector. In this figure, the tagged
3 keV X-ray events can be extracted by Gaussian fit-
ting assuming a flat background. The measured rate is
2.10 ± 0.32 counts/kg/day, which is found to correspond
to 43.7 ± 6.4 ppb K contamination by a comparison with
the simulation. This value is consistent with a previous
measurement (49.3 ± 2.4 ppb) of the same crystal in a
different veto system in which neighboring CsI(Tl) crys-
tals are used to tag the 40K events [12].
Other than the internal background of the NaI(Tl)
crystal, one of the main background contributions arises
from the natural radioisotopes, 238U, 232Th, and 40K, in
the PMTs. We simulate these isotopes from the photo-
cathode as well as the glass envelope and estimate the
4Energy(keV)
0 500 1000 1500 2000 2500 3000 3500 4000
N
um
be
r o
f e
ve
nt
s/
da
y/
ke
V
1
10
210
310
410
510
Energy(keV)
0 10 20 30 40 50 60 70 80 90 100
N
um
be
r o
f e
ve
nt
s/
da
y/
ke
V
1
10
210
310
410
510
s)µ t(∆
0.3− 0.2− 0.1− 0 0.1 0.2 0.3
 
(ke
V)
LSE
0
10
20
30
40
50
60
70
80
90
100
(a) (b) (c)
FIG. 3: Energy spectra of LS veto detector. (a) Energy spectrum for γ background region of 0–4 MeV. (b) Zoomed energy
spectrum in low-energy region (0–100 keV) with 10 keV energy threshold (red line) for coincidence condition. (c) Energy of LS
veto detector versus time difference between LS veto signal and NaI(Tl) signal (∆t) for coincidence condition (red line).
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FIG. 4: Background energy spectra of the NaI(Tl) crystal in the LS veto system. Vetoed events (blue symbols) have hits on the
LS veto detector with energies greater than 10 keV, whereas hits on NaI only (red) have no such hits on the LS veto detector.
The total hits (black) represents all events (the sum of events in both categories).
veto efficiencies in the 0–10 keV measured energy range,
which are 66%, 56%, and 63% for 238U, 232Th, and 40K,
respectively. Other background contributions from out-
side the LS veto system are tagged at a level that is at
least similar to that of the PMTs.
III. DESIGN OF A NEW LS VETO SYSTEM
FOR A 200 KG NAI EXPERIMENT
The veto efficiency of the prototype detector is limited
by the narrow thickness of the container necessitated by
the small available space in the existing shielding at Y2L.
We plan to construct a dedicated shielding structure for
the 200 kg array experiment using NaI(Tl) crystals [14].
In this shielding structure, we can consider a much bigger
container for the LS veto system to increase the veto
efficiency. The optimization is based on the simulation
of the internal 40K background. We consider a simple
cubic structure of the LS container in which one NaI(Tl)
crystal (same geometry as NaI-002) is immersed in the
center. The thicknesses of the NaI(Tl) crystal ends and
the LS container wall are the same and vary from 10 to
150 cm. Figure 5 shows the veto efficiency as a function
of the LS thickness. We consider an LS with a minimum
thickness of 40 cm for the final design by considering
the size of the shielding as well as the veto efficiency.
The veto efficiency measured by the prototype detector
is consistent with the simulated efficiency for a 17-cm-
thick container, as shown in Fig. 5.
An LS veto detector 40 cm thick can tag approximately
75% of the internal 40K events at 0–10 keV. The untagged
25% of events are due to 1460 keV γ-rays escaping with-
out any heat in the LS veto detector. The background
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FIG. 5: Veto efficiency of internal 40K as a function of the
thickness of the NaI(Tl) crystal and the LS container for en-
ergies between 0 and 10 keV obtained from a simple geomet-
ric simulation. Square symbol represents the veto efficiency
of the prototype detector from the simulation.
FIG. 6: Drawing of an LS veto system for a 200 kg NaI(Tl)
crystal array. Nine 5 in. Hamamatsu PMTs will be attached
to each end of the Cu container.
contribution from the internal 40K with the new veto de-
sign can be effectively reduced by a factor of two because
the 25% of untagged events represents a reduction of ap-
proximately two times compared to the 52% of untagged
events with the prototype detector.
We finalized the design of the new LS veto system, as
shown in Fig. 6, considering the discussion above. The
minimum thickness of the LS from each end of the crys-
tal is 40 cm. The average tagging efficiency of the LS
veto system and the other crystals for the internal 40K is
estimated to be 81%. The veto efficiencies for the PMTs
are predicted to be approximately 80% for U, Th, and K.
IV. CONCLUSION
We constructed a prototype LS veto detector to de-
termine the feasibility of tagging the background of a
NaI(Tl) crystal detector for a dark matter search ex-
periment. The tagged background rate of the NaI(Tl)
crystal is 0.76 ± 0.04 dru at 6–20 keV. The tagging ef-
ficiency of the 3 keV X-rays from internal 40K is about
48% from the simulation. The measured event rates of
3 keV X-rays with the required LS veto signal are in good
agreement with a previous measurement. A new shield
with an appropriate LS thickness will increase this rate
to approximately 80%.
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